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Single-electronics and spintronics are among the most intensively investigated 
potential complements or alternatives to CMOS electronics.1,2,3 Single-electronics, 
which is based on the discrete charge of the electron4, is the ultimate in 
miniaturization and electro-sensitivity and could slash the power consumption of 
electronic devices. Spintronics, which is based on manipulating electron spins,5 
delivers high magneto-sensitivity and non-volatile memory effects. So far, major 
developments in the two fields have followed independent paths with only a few 
experimental studies6,7 of hybrid single-electronic/spintronic devices. Intriguing 
new effects have been discovered in such devices but these have not, until now, 
offered the possibility of useful new functionalities. Here we demonstrate a device 
which shows a new physical effect, Coulomb blockade anisotropic 
magnetoresistance, and which offers a route to non-volatile, low-field, and highly 
electro- and magneto-sensitive operation. Since this new phenomenon reflects the 
magnetization orientation dependence of the classical single-electron charging 
energy it does not impose constraints on the operational temperature associated 
with more subtle quantum effects, such as resonant or spin-coherent tunneling. 
In a single-electron transistor (SET), the transfer of an electron from a source lead 
to a drain lead via a small, weakly-coupled island is blocked due to the charging energy 
of e2/2CΣ , where CΣ is the total capacitance of the island.  
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Applying a voltage VG between the source lead and a gate electrode changes the 
electrostatic energy  function of the charge  Q on the island to Q2/2CΣ + QCGVG/CΣ  
which has a minimum at Q0=-CGVG. By tuning the continuous external variable Q0 to 
(n+1/2)e, the energy associated with increasing the charge Q on the island from ne to 
(n+1)e vanishes and electrical current can flow between the leads. Changing the gate 
voltage then leads to Coulomb blockade (CB) oscillations in the source-drain current 
where each period corresponds to increasing or decreasing the charge state of the island 
by one electron.
  
Experiments in SETs in which the leads and island  comprise different 
ferromagnetic materials6  have shown that in addition to gate voltage dependent CB 
oscillations it was possible to obtain external magnetic field dependent magneto-CB 
oscillations. This effect is due to the Zeeman coupling of electron spins to the magnetic 
field which changes the relative chemical potentials in the leads and in the island, 
causing a shift in Q0. These magneto-CB oscillations require application of relatively 
large fields (~ few Tesla) and do not lead to a non-volatile memory effect since the 
Zeeman shifts in the chemical potential disappear when the magnetic field is turned off. 
A small low-field hysteretic magnetoresistance (MR) effect has been demonstrated in 
SETs when the relative orientation of the magnetization of the leads is switched from 
parallel to antiparallel.6,7 The sensitivity of the MR to the gate voltage was attributed to 
resonant tunneling effects through quantized energy levels in the island. In this case the 
magnetization reorientation causes no shift in Q0 and the effect of the magnetic field is 
more subtle than that of the gate voltage induced CB oscillations.  
Our SETs are fabricated from (Ga,Mn)As, a ferromagnetic semiconductor for 
which parameters derived from the band structure, including the chemical potential, are 
strongly anisotropic with respect to the magnetization orientation.8,9,10 This allows us to 
induce low-field hysteretic shifts in the CB oscillations, and to demonstrate comparable 
electro- and magneto-sensitivity and a non-volatile memory effect with "off" state 
resistances which can be orders of magnitude larger than the "on" state resistances, as 
we discuss below and in the Supporting Information. A schematic diagram and scanning 
electron micrographs of the device are shown in Figure 1(a). The SET was fabricated by 
patterning a side-gated nano-constriction in an ultra-thin (5nm) Ga0.98Mn0.02As 
epilayer.10 This technique has been used previously to producing non-magnetic thin film 
Si and GaAs-based SETs in which disorder potential fluctuations create small islands in 
the constriction without the need for a lithographically defined island.11,12 Clear CB 
conduction diamonds11 in the VG-VSD plot, where VSD is the source-drain voltage, of one 
of our (Ga,Mn)As SETs are shown in Figure 1(b). A more detailed discussion of the 
SET characteristics is given below. We have investigated three different devices all off 
which show the same qualitative behaviour. Thermal cycling of the individual devices 
leads to only quantitative changes in the CB oscillation pattern as is typical of SETs 
realized in narrow constrictions.11 All the data in this paper are for the SET device of 
Figure 1. 
Figures 1(c) and (d) show the gate-voltage dependent MR of the SET for magnetic 
fields applied in the plane of the (Ga,Mn)As epilayer and perpendicular to the current 
direction. The high electro- and magneto-sensitivity and hysteretic behaviour of the 
device are apparent. For example, the resistance over the constriction decreases by 
~100% at 20mT for VG =0.94 V while it increases by more than 1000% for VG=1.15 V. 
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We explain below that these resistance changes are associated with (Ga,Mn)As 
magnetization rotations. The huge and hysteretic MR signals show that our SET can act 
as a non-volatile memory. In non-magnetic SETs, the CB "on" (low-resistance) and 
"off" (high-resistance) states are used to represent logical "1" and "0" and the switching 
between the two states can be realized by applying a gate voltage, in analogy with a 
standard field-effect transistor. Our ferromagnetic SET can be addressed also 
magnetically with comparable "on" to "off" resistance ratios in the electric and magnetic 
modes. The functionality is illustrated in Figure 2. The inset of panel (a) shows two CB 
oscillation curves corresponding to magnetization states M0 and M1. As evident from 
panel (b), M0 can be achieved by performing a small loop in the magnetic field, 
B→B0→0 where B0 is larger than the first switching field Bc1 and smaller than the 
second switching field Bc2, and M1 is achieved by performing the large field-loop, 
B→B1→0 where B1<-Bc2. The main plot of Figure 2(a) shows that the high resistance 
“0” state can be set by either the combinations (M1,VG0) or (M0,VG1) and the low 
resistance “1” state by  (M1,VG1) or (M0,VG0). We can therefore switch between states 
“0” and “1” either by changing VG in a given magnetic state (the electric mode) or by 
changing the magnetic state at fixed VG (the magnetic mode). Due to the hysteresis, the 
magnetic mode represents a non-volatile memory effect.  
The diagram in Figure 2(c) illustrates one of the new functionality concepts our 
device suggests in which low-power electrical manipulation and permanent storage of 
information are realized in one physical nanoscale element.  Panel (d) then highlights 
the possibility to invert the transistor characteristic; for example, the system is in the 
low-resistance "1" state at VG1 and in the high-resistance "0" state at VG0 (reminiscent of 
an n-type field effect transistor) for the magnetization M1 while the characteristic is 
inverted (reminiscent of a p-type field effect transistor) by changing magnetization to 
M0. In Figure S2 of the Supporting Information we also illustrate that in the 
ferromagnetic semiconductor epilayer used in our study the gate voltage alters 
significantly the magneto-crystalline anisotropy and can, therefore, be used to trigger 
magnetization rotations electrically.  
The functionality of our hybrid single-electronic/spintronic element arises from a 
new physical effect, Coulomb blockade anisotropic magnetoresistance (CBAMR). 
Anisotropic MR is the dependence of the resistance of a ferromagnetic system on the 
orientation of magnetization relative to the electrical current direction or 
crystallographic axes. Previous studies of (Ga,Mn)As ferromagnetic semiconductors 
have shown anisotropic transport characteristics in the ohmic regime (normal AMR) 
and in the tunneling regime.8,9 The anisotropic MR of our SET device is demonstrated 
in Figures 3(b) and (c) and compared with  normal AMR in the unstructured part of the 
(Ga,Mn)As bar (Figure 3(a)). Similar to previous anisotropic MR experiments in 
(Ga,Mn)As,9,10,13 a continuous magnetization rotation is achieved by applying a  rotating 
saturation magnetic field (see panel (c) and lower curve in panel (a)) or step-like 
rotations via intermediate magnetization angles occur in the field sweep measurement 
(see panel (b) and upper curves in panel (a)) as a result of the combined uniaxial and 
cubic in-plane anisotropies present in the (Ga,Mn)As epilayer.14 Here the angle θ=0o 
corresponds to B || I, and also to M || I  at saturation fields. In the unstructured part of 
the bar, higher/lower resistance states correspond to magnetization along/perpendicular 
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to the current direction. Similar behaviour is seen in the SET part of the device at, for 
example VG=-0.5V, only that the anisotropic MR is now hugely enhanced and depends 
strongly on the gate voltage.  
Figure 4 demonstrates that the dramatic anisotropic MR effect in the SET is due to 
shifts in the CB oscillation pattern caused by the changes in magnetization orientation. 
The shifts are clearly seen in the θ-VG resistance diagram in Figure 4(a) and further 
highlighted in panel (b), which shows the CB oscillations for several magnetization 
angles. For example, the oscillations have a peak at VG = -0.4V for θ =90o which moves 
to higher gate voltages with increasing θ and, for θ=130o, the  VG= -0.4V state becomes 
a minimum in the oscillatory resistance. This explains why the magnitude of the 
resistance variations with θ at fixed VG and with VG at fixed θ is comparable (see also 
panels (b) and (c) in Figure 4). 
As in the cases of ohmic and tunneling transport8,9 we attribute the microscopic 
origin of the CBAMR to anisotropies of a quantity which is derived from the spin-orbit 
coupled band structure of the ferromagnet.  In the CB oscillation regime the anisotropy 
in the carrier chemical potential is expected to play the dominant role. Schematic 
diagrams in Figure 4(f) indicate the contributions to the Gibbs energy associated with 
the transfer of charge Q from the lead to the island. The energy can be written as a sum 
of the internal, electrostatic charging energy term and the term associated with, in 
general, different chemical potentials of the lead and of the island: U=∫0Q dQ' ∆VD(Q') + 
Q∆µ/e, where ∆VD(Q)=(Q+CGVG)/CΣ. The existence of CB effects indicates that the 
carrier concentration in the (Ga,Mn)As thin film is non-uniform which implies that the 
difference between chemical potentials of the lead and of the island in the constriction, 
∆µ, will depend on the magnetization orientation. A more detailed theoretical discussion 
of the sensitivity of the chemical potential anisotropy to the doping density is given in 
the Supporting Information. Here we refer to the analogy with other parameters derived 
from the spin-orbit coupled band-structure, such as the tunneling density of states, 
whose anisotropy is sensitive to the material parameters, typically increasing with 
decreasing doping in the (Ga,Mn)As.8,10  
The Gibbs energy U is minimized for Q0=-CG(VG+VM), where the magnetization 
orientation dependent shift of the CB oscillations is given by  VM=CΣ/CG ⋅ ∆µ(M)/e. 
Since |CGVM| has to be of order |e| to cause a marked shift in the oscillation pattern, the 
corresponding |∆µ(M)| has to be similar to e2/CΣ , i.e., of the order of the island single 
electron charging energy. From the I-VC characteristics (VC is the potential drop over the 
constriction part of the bar) and the temperature dependence of the CB oscillations in 
our device, we estimate the single electron charging energy to be of the order of few 
meV (see Figure 4(d) and (e)). This is consistent with the values of |∆µ(M)| obtained by 
theoretical modelling for typical (Ga,Mn)As epilayer parameters, as shown in Figure S3 
in the Supporting Information. We conclude that the CBAMR is based on the classical 
single-electron charging energy effect and, therefore, the operational temperature is not 
limited by more subtle quantum effects, such as resonant or spin-coherent tunneling. 
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Finally we remark that the CBAMR phenomenon and the related single-
electronic/spintronic functionalities we observed in (Ga,Mn)As epilayers should be 
generic to SETs fabricated in ferromagnetic systems with strong spin-orbit coupling. 
According to our ab initio calculations presented in the Supporting Information, 
chemical potential variations due to magnetization rotations reach 10meV in the FePt 
ordered alloy.15 This suggests that, building on the existing expertise in room-
temperature non-magnetic single-electronic devices,16,17 metal based ferromagnetic 
SETs may offer a route to room-temperature CBAMR applications. 
The work was supported by EPSRC, Grant Agency and Ministry of Education of 
the Czech Republic. 
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(a) Schematics and scanning electron micrographs of the CBAMR-device. Trench-
isolated side-gate and channel aligned along the [110] direction were patterned by e-
beam-lithography and reactive ion etching in a 5nm Ga0.98Mn0.02As epilayer grown 
along the [001] crystal axis on an AlAs buffer layer by low-temperature molecular beam 
epitaxy. (b) Coulomb-blockade conductance (I/VC) oscillations as a function of gate 
voltage and source-drain bias at 4.2K. For the detailed SET characterization see Figure 
4(c) Resistance (VC/I) measured at VSD = 3mV bias vs. gate voltage and in-plane, 
perpendicular to the channel direction, magnetic field. The sign and magnitude of the 
large resistance variations at about 20mT are highly sensitive to the gate-voltage as 
highlighted in (d) for the gate voltage 1.15V and 0.94V. 
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(a) Two opposite transistor characteristics (blue and green) in a gate-voltage range 1V 
(VG0) to 1.04V (VG1) for two different magnetization orientations M0 and M1; 
corresponding Coulomb blockade oscillations in a larger range of VG = 0.6 to 1.15V are 
shown in the inset. Switching between low-resistance ("1") and high-resistance ("0") 
states can be performed electrically or magnetically. (b) Hysteretic magnetoresistance at 
constant gate voltage VG1 illustrating the non-volatile memory effect in the magnetic 
mode. (c) Illustration of integrated transistor (electric mode) and permanent storage 
(magnetic mode) functions in a single nanoscale element. (d) The transistor 
characteristic for M=M1 is reminiscent of an n-type field effect transistor and is inverted 
(reminiscent of a p-type field effect transistor) for M=M0; the inversion can also be 
realized in the non-volatile magnetic mode.  
 
 
 
8 
FIG. 3 
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(a) Anisotropic magnetoresistance of the unstructured part of the bar: resistance vs. in-
plane magnetic field parallel (blue/green) and perpendicular (red/black) to the current 
direction. Resistance vs. the angle between the current direction and an applied in-plane 
magnetic field of constant magnitude of 5T, at which magnetization of the (Ga,Mn)As 
system is aligned with the external field (bottom curve). (b) and (c) Anisotropic 
magnetoresistance of the constricted part of the bar: (b) resistance vs. gate voltage and 
magnetic field applied along the parallel-to-current direction measured at VSD = 5mV 
bias. (c) Resistance vs. gate voltage and the angle between the current direction and an 
applied in-plane magnetic field of constant magnitude of 5T. Lower overall values of RC 
in (c) compared to (b) are due to the isotropic negative MR contribution to the 
resistance. The same applies to RSHEET in panel (a). 
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(a) CBAMR in the constricted channel vs. gate voltage and the angle between the 
current direction and an applied in-plane magnetic field of constant magnitude of 5T 
measured at VSD = 5mV bias. (b) CBAMR oscillations as a function of the gate voltage 
for several magnetic field angles at 5T. Blue lines highlight the shifts in the oscillation 
pattern due to magnetization rotations. The red line shows the development at VG=-0.4V 
from a local resistance maximum for θ=90o into a local minimum for θ=130o. (c) 
Resistance as a function of the magnetic field angle for VG=-0.4V. The magnitude of the 
resistance variations with θ and with gate voltage is comparable. (d) Circuit model of 
the SET. The total capacitance CΣ =2C+CG defines the Coulomb blockade charging 
energy e2/2CΣ  which is of the order of a few meV according to the measured data in 
panel (e); the island-gate capacitance CG defines the period of the Coulomb blockade 
oscillations e/CG which is of the order of ~100mV according to the measured data in 
panel (b). The inferred lead-island capacitance C is, therefore, approximately 100 times 
larger than CG. This is due to the large (30nm) gate-constriction, vacuum separation 
compared to the presumably small lead-island, high dielectric constant (~13) separation. 
Note that the inferred capacitances represent only approximate characteristic values for 
our device as more than one island can be expected to be present in the narrow 
constriction SET. (e) I-VC characteristic of the constriction at 4.2K (Coulomb blockade 
regime) and 50K (Ohmic regime) used to determine the SET charging energy, as 
indicated by the red line. This inferred value remains constant with decreasing 
temperature below 4.2K. (f) Schematics of the charging energy contribution (top sketch) 
to the Gibbs energy and the contribution proportional to the difference in chemical 
potentials of the lead and of the island (bottom sketch). The second term depends on 
magnetization orientation causing the CBAMR effect.  
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Supporting information for the article "Coulomb blockade anisotropic 
magnetoresistance: Single-electronics meets spintronics" 
 
Large Magnetoresistance  
Very large magneto-resistance variation due to the CBAMR effect where also found 
when the magnetization was rotated out of the plane of the (Ga,Mn)As epilayer by 
either applying a large rotating magnetic field or during the magnetic field sweep 
experiment  with the field aligned perpendicular to the epilayer plane. As shown in 
Figure S1, the resistance changes by more than 3 orders of magnitude at certain gate 
voltages. 
 
Gate voltage dependent magnetization switching  
In the main text of the article we demonstrated that small changes in the gate 
voltage result in CB resistance oscillations and that these oscillations are shifted when 
magnetization is rotated. Here we illustrate that in the ferromagnetic semiconductor 
epilayer used in our study, larger gate voltage changes can also alter significantly the 
magneto-crystalline anisotropy profile and can, therefore, be used to trigger 
magnetization rotations electrically.1 In Figure S2 the strong gate voltage dependence of 
a switching field is highlighted by the red dashed line in panel (a). The experimental 
demonstration of electrical field assisted magnetization reorientation is shown in panel 
(b). Note that variations of the uniaxial and cubic anisotropies with carrier doping have 
already been reported in (Ga,Mn)As epilayers.2  Depending on the carrier concentration, 
either uniaxial or biaxial (cubic) anisotropy were dominant. In our device, the carrier 
density may vary with the gate voltage in the electric field exposed regions.  
 
Theoretical modelling of chemical potential anisotropies 
The calculation of spectral properties of (Ga,Mn)As ferromagnetic 
semiconductors using ab initio approaches is challenging due, partly, to a strongly 
correlated nature of Mn local moments and their random distribution in the lattice. 
Instead, the effective kinetic-exchange model have been frequently used to study the 
properties of these dilute magnetic moment p-type semiconductors, particularly the 
properties related to the strong spin-orbit coupling in the valence band.3,4,5,6 Here we use 
the model to illustrate the changes in the chemical potential caused by magnetization 
rotations. The calculations are done for zero temperature. The model assumes a cubic 
magnetocrystalline anisotropy associated with the zinc-blende crystal structure of the 
semiconductor. An additional uniaxial field observed in experiments is modeled2 by 
introducing a weak shear strain, exy=0.001. Since the calculations neglect size 
quantization effects in the ultra-thin (Ga,Mn)As epilayer and any asymmetry of the 
spin-splitting of the valence band with respect to the band edge of the pure GaAs, the 
results should be regarded as only qualitative estimates. The data are presented in the 
main panel of Figure S3 for Mn concentrations 2% and 5% and over a range of carrier 
2 
concentrations where the higher values are expected to correspond to the leads and the 
lower values to the constricted part of the bar. The data confirm that the chemical 
potential anisotropies are sensitive to the variations in the density of carriers and local 
moments (may even change sign), and that |∆µ| of order ~1meV inferred from the 
experiment are plausible.  
In ferromagnetic metals, highly accurate ab initio methods are available to study the 
spin-orbit coupled spectral properties. Recently, the technique has been successfully 
applied to describe magneto-crystalline anisotropies in L10 FePt and CoPt ordered 
alloys and to predict their tunneling density of states anisotropies.7,8 In these systems, 
the transition metal produces large exchange splitting resulting in the Curie 
temperatures well above room temperature while the heavy elements of Pt substantially 
increase the strength of spin-orbit coupling in the band structure of the alloy. We use the 
systems as an illustration of the prospect for high temperature CBAMR in 
ferromagnetic metals. The calculated chemical potential anisotropies, shown in the inset 
of Figure S3, are roughly an order of magnitude larger than in (Ga,Mn)As. As discussed 
in the main text of the article, a similar enhancement may be expected for the 
corresponding temperature limit of the CBAMR operation.  
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FIG. S1 
 
(a) Resistance vs. gate-bias VG and perpendicular-to-plane oriented magnetic field Bptp 
measured at VSD = 5mV. (b) Very large conductance vs. Bptp variation at the gate-
voltage of VG = 0.935V. The system becomes practically insulating at saturation. 
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FIG. S2 
 
(a) Conductance measurements at VSD = 3mV bias vs. gate voltage and in-plane, parallel 
to channel magnetic field. The dashed red line highlights the critical reorientation field 
which is strongly gate bias dependent and decreases from about 0.04T at VG = -1V 
down to less than 0.02T at VG = 1V. (b) CB oscillations at zero magnetic field where the 
system remains at magnetization M0 (grey) and at field -0.1T where the system remains 
at magnetization M1 (black) over the gate voltage range between VG =-1V to 1V. 
Conductance measurements at intermediate field strengths of -0.022T (blue) and -
0.035T (red) show a transition from M0 to M1 at critical gate voltages of about 0.6V and 
-0.5V, respectively. 
 
 
 
 
 
 
 
 
 
 
5 
 
 
 
FIG. S3 
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Main plot: kinetic-exchange model calculations of the chemical potential anisotropy in 
(Ga,Mn)As as a function of carrier dansity for Mn local moment concentrations of 2% 
and 5%. The uniaxial anisotropy is modeled by introducing a weak shear strain 
exy=0.001. Inset: ab initio calculations of chemical potential anisotropies in L10 FePt 
and CoPt ordered alloys. 
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